Background: Melanoma brain metastases (MBM) often cause morbidity and mortality for stage IV melanoma patients. An ongoing randomised phase III trial (NCT01503827 -WBRT-Mel) evaluates the role of adjuvant whole brain radiotherapy (WBRT) following local treatment of MBM. Hippocampal avoidance during WBRT (HA-WBRT) has shown memory and neurocognitive function (NCF) preservation in the RTOG-0933 phase II study. This study assessed the quality assurance of HA-WBRT within the WBRT-Mel trial according to RTOG-0933 study criteria.
Background
Melanoma brain metastases (MBM) often cause morbidity and mortality for patients with stage 4 melanoma [1] [2] [3] [4] [5] [6] [7] . The treatment landscape has changed recently with effective systemic therapy that can cross the blood brain barrier [8] [9] [10] [11] , new surgery and radiotherapy treatment techniques, such as better minimally invasive surgery, stereotactic radiosurgery and intensity-modulated radiotherapy (IMRT). As a result, these patients are now living longer, often requiring repeated interventions for MBM. Consequently the long-term effects of radiotherapy treatment on and neurocognitive function and quality of life have become even more important [12, 13] .
Prior to this changing landscape, a phase III randomized trial (RCT) was started in 2009 to compare whole brain radiotherapy (WBRT) with observation following local treatment (surgery or radiosurgery) of 1-3 MBM (ClinicalTrials. gov identifier: NCT01503827 -WBRT-Mel trial). The primary endpoint of the trial was 12-month intracranial control, with secondary endpoints including neurocognitive function (NCF) and quality of life. Inclusion criteria have been previously detailed [14] . Previous data had shown that cells of the hippocampus are especially sensitive to even low doses of radiation [15] . Concurrently, it was found that the hippocampus in oligometastatic disease was relatively spared from metastasis [16] [17] [18] and the IMRT technique has been developed to spare the hippocampus during WBRT to preserve the NCF [19] [20] [21] . An RTOG phase II trial showed that hippocampal avoidance during WBRT (HA-WBRT) could minimise the neurocognitive decline at six months compared to historical controls [13] . With these new data, the WBRT-Mel protocol was modified in 2013 to allow HA-WBRT for those randomized to the WBRT arm. The WBRT-Mel completed its accrual of 215 patients in September 2017. The plan is to analyse the NCF endpoints in the three treatment cohorts: observation, HA-WBRT and non HA-WBRT.
The validity of the results from this cohort depend on whether the hippocampi of these patients have been spared according to the RTOG 0933 phase II trial [13] . These dosimetric criteria for hippocampal sparing from quality assurance of the RTOG-0933 study are summarized in Table 1 [22] . The most important criteria in this Table 1 for the quality assurance of hippocampal avoidance are D100% and Dmax for each hippocampus. Dx% and Vy represent respectively the dose received by x % and the volume received by y Gy of specified structure. This study reports the radiotherapy quality assurance of patients treated with HA-WBRT on the WBRT-Mel trial.
Methods

Population
The WBRT-Mel Trial and protocol amendment to include HA-WBRT were approved by relevant ethics committees and the data safety monitoring committee. Patients treated by HA-WBRT were stratified but not randomized within the WBRT arm of the trial.
HA-WBRT planning technique
Patients were immobilised with a thermoplastic mask in a neutral head position. A non-contrast planning CT was acquired at 1 mm slice thickness and fused with the diagnostic MRI scan. The radiation oncologist contoured the right and left hippocampi on the fused MRI-CT image set with T1-weighted MRI axial sequences using the contouring Atlas of the RTOG 0933 trial [23] . Hippocampal avoidance regions were generated by three-dimensionally expanding the hippocampal contours by 5 mm. The planning target volume (PTV) was defined as the whole-brain parenchyma excluding the hippocampal avoidance regions [22] . Other organs at risk (optic nerves, chiasm, eyes and lenses) were contoured. Patients were planned and treated on different platforms. In the trial co-ordinating center, patients were planned with Eclipse (version 11.0.47) radiotherapy treatment planning system (Varian), treated with a Varian 21iX linear accelerator (RapidArc) using two complementary arcs.
Statistical analysis
Data collected included hippocampal volumes, hippocampal maximum dose, hippocampal minimum dose (D100%), Hippocampus volume receiving 10 Gy (V10Gy) and dose to 40 and 50% of the hippocampus (D40% and D50%, respectively). For patients with another schema of treatment other than 30 Gy in 10 fractions, the equivalent dose assuming an α/β ratio of 2.0 for hippocampus was calculated [24] by iLQ (v2.0). All volumes measured at the Dmax Maximum dose, HA-WBRT Hippocampal avoidance during whole brain radiotherapy, IMRT Intensity-modulated radiotherapy, PTV Planning target volume [13, 22] . Dx% and Vy represent respectively the dose received by x % and the volume received by y Gy of specified structure patient level were summarized by their median (range) and stratified by whether or not patients had unacceptable deviation (UD) or not, according to RTOG 0933 constraints criteria. Volume difference between the two groups UD versus no UD was tested through the Wilcoxon rank test. All tests were two sided with a nominal p value of 0.05.
Results
Patient characteristics
Among the 215 patients accrued to the WBRT-Mel study between April 2009 and September 2017, a total of 107 patients were randomized to the WBRT arm and 22 of them were treated with HA-WBRT. The median age of these 22 patients was 65 years at randomisation (range Details of the SIB treatment: Table 2 ). Prior to HA-WBRT, 10 patients had been treated by surgery only, six by stereotactic radiosurgery (SRS) only, four by surgery and SRS (two for the same lesion and two for another metastasis) and two by simultaneous integrated boost (SIB) concurrent with HA-WBRT. SIB during HA-WBRT was performed for six patients (3 to untreated lesions only, 1 to surgical cavity only and 2 to untreated lesions and surgical cavity). HA-WBRT was delivered in four centers. Eighteen patients (82%) were enrolled by the Melanoma Institute Australia and treated at the Mater hospital, GenesisCare. The commonest fractionation of adjuvant WBRT was 30 Gy in 10 fractions, delivered to 20 patients (91%)
Twenty patients (91%) were treated with intention to spare both hippocampi and two patients (9%) had MBM very close to the hippocampus (0 and 6.5 mm from the left hippocampus) and were treated with intention to spare the contralateral hippocampus only (Fig. 1) . One patient had MBM inside the left hippocampus treated by SRS and the second had MBM of 0.54 cm 3 inside a 6.5 mm margin around the left hippocampus, treated by SIB (50 Gy in 10 fractions).
Critical structure constraints analysis according to RTOG 0933 criteria According to RTOG constraints criteria, 22 (100%) were within hippocampal avoidance constraints on a minimum of one hippocampus. Eighteen patients (81%) respected these constraints and four patients (19%) respected them on one hippocampus. Characteristics of patients and patient volumes with and without UD are compared in Table 3 . At baseline, patients' characteristics were similar, however patients with UD had significantly greater left hippocampal volume, total hippocampi volume and sparing volume of left hippocampus than patients without UD. The summary of acceptable variation (AV) and UD are presented in Table 4 . Four patients (18%) had UD on one hippocampus and their treatment plans are detailed in Table 5 . The two first patients with UD on one hippocampus were treated before the results of RTOG 0933. The third patient had hippocampus Dmax of 17.24 Gy and the fourth patient had hippocampus D100% of 10.33 Gy.
The hippocampi D40% median was calculated in 2 Gy equivalent and was 7.16 Gy (range 6.2 to 9.26 Gy) with α/β ratio of 2.0 Gy for hippocampi. All patients were treated with less than 3 break days and had optic nerve/ chiasm Dmax less than 37.5 Gy.
Discussion
In this dosimetric audit of HA-WBRT of the WBRT-Mel study, all 22 patients (100%) respected RTOG 0933 hippocampal avoidance constraints of at least one hippocampus. Eighteen patients (82%) had no unacceptable deviation and of these, 16 (73%) were treated within these constraints on both hippocampi and two (9%) were planned to have sparing of one hippocampus. Four patients (18%) had unacceptable deviation on one hippocampus and none had unacceptable deviation on both hippocampi. Our results are similar to the quality assurance report of phase II RTOG 0933 trial. In the RTOG0933 trial, 82 cases were reviewed prior to treatment, 21 cases (25%) had UD. Ten cases (12%) had UD of IMRT planning, five (6%) of them had UD of both contouring and IMRT planning and 11 cases (13%) had UD of contouring only [22] .
Two other smaller studies [25, 26] showed very high compliance (100%) according to RTOG constraints [22] . Some recent dosimetric studies, each with about 10 cases, investigated the dosimetric feasibility of HA-WBRT according to RTOG constraints and showed excellent compliance (100%) [27] [28] [29] [30] [31] [32] . Some of them had realized a dose reduction to other organs at risk at the same time. Our compliance remains high quality despite these deviations. The first two patients treated with HA-WBRT both had UD, demonstrating a learning curve for the radiation oncologists.
It has been shown that unilateral hippocampal avoidance during WBRT can also mitigate cognitive decline, formation of memory, verbal memory, similar to bilateral HA-WBRT [33] [34] [35] [36] . Furthermore, meta-analysis of 33 studies, which evaluated memory before and after resection of left or right anterior temporal lobe for temporal lobe epilepsy has observed difference in verbal memory function after resection from the left or right temporal lobe [37] . It is important to note that in RTOG 0933, patients with hippocampal or peri hippocampal metastases were not eligible. The trial still had 25% of cases with UD, and yet still showed a significantly superior result in terms of NCF preservation when compared to historical controls. In the light of our literature review we therefore feel comfortable in the future analysis of the NCF for the WBRT-Mel trial in assuming thatthose who had unilateral HA-WBRT will be assumed to have hippocampal avoidance adequate for NCF preservation. There are only a few prospective evaluations of hippocampal radiation dose volume effect and memory deficit [38] [39] [40] [41] . Currently, two phases III randomized trials are ongoing and evaluating HA-WBRT. At first, NRG Oncology-CC001 (ClinicalTrials.gov identifier: NCT02360215) assesses memantine hydrochloride and WBRT with or without hippocampal sparing technique in reducing neurocognitive decline. The second trial is NRG Oncology-CC003 (ClinicalTrials.gov identifier: NCT02635009) assessing WBRT with or without HA-WBRT in treating patients with limited stage or extensive stage small cell lung cancer. Although the RTOG 0933 study has defined hippocampal avoidance dosimetric constraints, detailed dose-volume analyses are vital in guiding the clinician in striking the balance between local tumor control and NCF preservation.
If the WBRTMel study and the other phase III study about HA-WBRT show good clinical outcomes for HA-WBRT, this technique could be more frequently used in the management of brain metastases. This change in practice could be implemented quickly as the majority of radiation oncology department have access to IMRT in developed countries.
This quality assurance study has some limitations as the limited sample size, these patients were accrued over 8.5 years and during this period, some innovation of IMRT techniques appeared (7) . The hippocampi volumes were not reviewed and the Hausdorff distances were not calculated. In its favour, this quality assurance study found high reproducibility in prospective data as 82% of patients were treated in the same hospital and 73% by the same radiation oncologist.
Conclusions
This dosimetric quality assurance study of HA-WBRT from the WBRTMel study shows good compliance (82%) according to RTOG 0933 dosimetric constraints. Indeed, all patients respected RTOG 0933 hippocampal avoidance constraints of at least one hippocampus. Eighteen patients 
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